Abstract: Obesity, hyperglycemia, hyperlipidemia, and diabetes-associated complications appear at younger ages (6-8 weeks) in the male Spontaneously Diabetic Torii-Lepr fa (SDTfa/fa) rat than in the male original SDT (SDT-+/+) rat. However, the incidence and progression of diabetes mellitus and diabetic complications in the female SDT-fa/fa rat have not been reported in detail. In the present study, the pathophysiological features of the female SDT-fa/ fa rat were examined, and compared with those of the female SDT-+/+ rat. Female SDT-fa/ fa rats showed hyperphagia, obesity, hyperglycemia, and hyperlipidemia from 5 or 6 weeks of age, and hyperinsulinemia was observed from 5 to 12 weeks. Pathological changes pancreatic islets were observed from 8 weeks. Renal function parameters, such as urine volume and urinary protein, increased from 16 weeks, and pathological findings in the renal tubule, and cataracts were also observed from 16 weeks. Increases of visceral and subcutaneous fats were obvious during the observation period. In pair-feeding with SDT-+/+ rats, SDT-fa/fa rats showed improved hyperglycemia and hypertriglycemia, but hypercholesterolemia was not entirely improved during the study period. Female SDT-fa/fa rats showed diabetes mellitus and diabetes-associated complications at young ages, and fat accumulation was remarkable. Suppression of hyperphagia in SDT-fa/fa rats was effective at improving hyperglycemia and hypertriglycemia. In conclusion, the female SDT-fa/fa rat has the potential to become an important animal model of type 2 diabetes mellitus with obesity, especially for women, for which few models currently exist.
Introduction
Diabetes mellitus has become a global health problem, and the incidence of the disease is increasing rapidly in all regions of the world. Furthermore, the prevalence of obesity is increasing worldwide at an alarming rate. For example, prevalence of obesity in Europe ranges from 10 to 20% in men and 15 to 25% in women, and among US adults it has reached 28% in men and 34% in women [9] . Obesity is a well-established risk factor for many chronic disorders such as type 2 diabetes, dyslipidemia, hypertension, cardiovascular disease, arthritis, and several cancers, and is considered to reduce average life expectancy [2, 11, 19, 29, 32] . To clarify the complicated features of the disease, studies using diabetic animal models are essential. In particular, the development of diabetic animal models and pathophysiological analysis of the models are very important to aid in clarification of the pathogenesis and the patterns of progression in the human disease course. Also, female models of type 2 diabetes are necessary. The prevalence of diabetes has increased recently [18] . It has been suggested that the most important predictor of diabetes is overweight or obesity in women [6] , but the cauative mechanism remains unknown. Revealing the mechanisms of female diabetes using female diabetic models may provide clinical benefits. However few such female models currently exist.
The original SDT rat is an ideal model for investigating diabetic complications such as proliferative retinopathy, diabetic cataract, and diabetic nephropathy [16, 20, 23, 25] . It is reported that diabetes in female SDT-+/+ rats is observed from 40 weeks of age [26] , and the incidence age is obviously delayed, compared to that of male SDT-+/+ rats [27] . Furthermore, it is reported that spaying of female SDT-+/+ rats promotes the incidence of diabetes [28] .
The Spontaneously Diabetic Torii (SDT) fatty rat was established by introducing the fa gene of the Zucker fatty rat into the original SDT rat genome [15] . The male SDT-Lepr fa (SDT-fa/fa) rat shows hyperphagia, which leads to overt obesity, and hyperglycemia and hyperlipidemia are observed at a young ages compared to the male SDT (SDT-+/+) rat. Furthermore, with early incidence of diabetes mellitus, diabetes associated complications in the SDT-fa/fa rat are seen at younger ages than in the SDT-+/+ rat [17] , and the SDT-fa/fa rat is considered to be a suitable model for understanding the properties of type 2 diabetes with obesity.
In the present study, we investigated diabetes mellitus in female SDT-fa/fa rats by comparing them with agematched female SDT-+/+ rats, and examined the utility of the female SDT-fa/fa rat as a model of obese type 2 diabetes.
Materials and Methods

Animals
Female SDT-Lepr fa (SDT-fa/fa) rats and age-matched original SDT (SDT-+/+) rats from our colonies were used (Japan Tobacco Inc., Central Pharmaceutical Research Institute, Takatsuki, Japan). The SDT-fa/fa rat was produced by crossing male SDT-fa/+ rats onto female SDTfa/+ rats. The SDT-fa/fa rats and littermate SDT-+/+ rats were selected by genotyping the fa locus. Genotyping of the fa locus was performed according to a PCR-restriction fragment length polymorphism (RFLP) method [12] . Moreover, age-matched Sprague-Dawley (SD) rats (Crj: CD(SD); Charles River Japan, Yokohama, Japan) were used as control animals for the SDT-+/+ rat. The rats were housed in a climate-controlled room with a temperature of 23 ± 3°C, humidity of 55 ± 15%, and a 12-h lighting cycle. A basal diet (CRF-1, Charles River Japan) and water were provided ad libitum. All the experiments were obtained the approval of the animal experiment committee of Japan Tobacco. The pair feeding study was conducted as follows. SDT-fa/fa rats at six weeks of age were divided into two groups. One group was allowed feed ad libitum (CRF-1; Charles River Japan), and the other was pair-fed the same amount of food as was consumed by age-matched SDT-+/+ rats from 7 to 13 weeks of age. In all, three groups of rats at six weeks of age were prepared: (i) SDT-fa/fa rats fed ad libitum (Fatty Group), (ii) SDT-fa/ fa rats pair-fed with SDT rats (Fatty-PF Group), and (iii) SDT rats fed ad libitum (SDT Group).
Biological parameters
Body weight, food intake and biochemical parameters such as serum glucose, triglyceride (TG), total cholesterol (TC), and insulin levels were evaluated at 5 and 6 weeks of age in the non-fasting state, and at 2-week intervals from 8 to 40 weeks of age. Renal parameters such as blood urea nitrogen (BUN) levels, urine volume, urinary protein, and creatinine clearance were evaluated at 8-week intervals from 8 to 40 weeks of age. Blood samples were collected from the tail vein of rats. Serum glucose, TG, TC, and BUN levels were measured as biochemical parameters using commercial kits (Roche Diagnostics, Basel, Switzerland) and an automatic ana-lyzer (Hitachi 7180; Hitachi, Tokyo, Japan). Serum insulin levels were measured with a rat insulin ELISA kit (Morinaga Institute of Biological Science, Yokohama, Japan).
Urine samples were collected by placing the animals in metabolic cages with water for 8 h. Urinary protein was measured with a commercial kit (Tonein-TPII; Otsuka, Tokushima, Japan). Urinary creatinine and serum creatinine were measured using commercial kits (Roche Diagnostics) and an automatic analyzer. Creatinine clearance (ml/h·g) was calculated by dividing the 8-h urinary excretion of creatinine by the serum creatinine concentration and body weight.
Fat tissue weight
Visceral and subcutaneous fat weights in each rat were determined at 8, 24, and 40 weeks of age by computed tomography (CT) analysis. The fat weights were measured by a laboratory X-ray CT device (LATheta, ALO-KA Co., LTD., Osaka, Japan). Rats were anesthetized with an intraperitoneal injection of 50 mg/kg pentobarbital (Tokyo chemical industry, Tokyo, Japan), and about 20 CT photographs per rat were taken at 5 mm intervals between the diaphragm and lumbar vertebrae. Total fat weights and visceral/subcutaneous (V/S) ratios were calculated from visceral and subcutaneous fat weights.
Tissue sampling and histopathology
Necropsy was performed at 8, 16, 24, 32, and 40 weeks of age (n=5 at each age). All animals were sacrificed by exsanguination under light ether anesthesia.
The pancreas and the kidneys were immediately sampled and fixed in 10% neutral-buffered formalin. After resection, the tissues were paraffin-embedded by standard techniques and thin-sectioned (3 to 5 µm). The sections were stained with hematoxylin and eosin (HE). All sections were examined histopathologically in a blind manner, and the findings were graded from normal (-) to severe (+++) abnormalities. In pancreas, a grade of + was used to represent less than 30% of total islets, ++ was used to represent 30-75% of total islets, and +++ was used to represent more than 75% of total islets in a tissue section.
In kidneys, + was used to represent focal abnormlity or weakly abnormal sections, ++ was used to represent half of the section area abnormality, and +++ was used to represent more than half of the whole area abnormality in a tissue section. The eyes were sampled and fixed in 4% glutaraldehyde/10% neutral-buffered formalin, then embedded in paraffin, sectioned, and stained with HE. The samples were all examined histopathologically in a blind manner, and the findings were graded from normal (-) to severe (+++) cataract formation. The criteria for grading cataract in the cortex of the lens were as follows: + for a few lesions of small size seen in the focal area, ++ for some of the lesions of medium size seen multifocally, +++ for numerous lesions of large size seen widespread and diffusely.
Statistical analysis
The results of biological parameters were expressed as the mean ± standard deviation (SD). Statistical analysis of differences between mean values was performed using an F-test, followed by Student's t-test or AspinWelch's t-test. Differences were considered significant at P<0.05. Since the rats were kept 2-3 animals/cage, food intake was estimated as the mean value per number of caged animals, and therefore statistical analysis of food intake was not performed.
Results
Body weight and food intake
The female SDT-fa/fa rat showed polyphagia immediately after weaning, and mean values of food intake at 6 weeks of age by the SDT-fa/fa rats and the SDT-+/+ rats were 34.2 and 15.8 g/day, respectively. Polyphagia was observed in SDT-fa/fa rats throughout the experimental period (Fig. 1A) . Body weights of SDT-fa/fa rats showed significant increases over those of SDT-+/+ rats throughout the experimental period (Fig. 1B) . Food intake and body weights of female SDT-+/+ rats showed similar changes to those of female SD rats.
Biochemical parameters
Glycolipid disorder in female SDT-fa/fa rats was obvious from 5 or 6 weeks of age. Non-fasting serum glucose levels in female SDT-fa/fa rats were elevated from 6 weeks of age (SDT-fa/fa rat, 373 ± 86 mg/dl; SDT-+/+ rat, 138 ± 13 mg/dl), and the increase was sus-tained until 40 weeks of age (SDT-fa/fa rat, 699 ± 158 mg/dl; SDT-+/+ rat, 154 ± 16 mg/dl) ( Fig. 2A) . The glucose levels in SDT-+/+ rats showed a similar change to those in SD rats. Female SDT-fa/fa rats showed hyperinsulinemia from 5 to 12 weeks of age in the nonfasting state, but after 16 weeks the insulin levels showed a tendency to decrease (Fig. 2B) . The non-fasting insulin levels in SDT-+/+ rats showed little increase from 8 to 40 weeks of age, and were similar but slightly greater than those in SD rats. Lipid parameters, serum TG and TC levels, in female SDT-fa/fa rats from 5 weeks of age were significantly higher than those in SDT-+/+ rats and the high levels were sustained until 40 weeks of age (Figs. 2C and 2D ).
Renal parameters
Increases in renal parameters such as urine volume and urine protein were shown by female SDT-fa/fa rats. Serum BUN levels in female SDT-fa/fa rats were significantly higher than those in SDT-+/+ rats only at 8 and 40 weeks of age (Fig. 3A) . Urinary volume and protein levels in female SDT-fa/fa rats were significantly increased from 16 or 24 to 40 weeks of age, over those in SDT-+/+ rats (Figs. 3B and 3C ). The BUN, urinary volume, and urinary protein levels in SDT-+/+ rats showed decreases at some time points, compared to SD rats, but the total changes during the observation period were similar to those in SD rats. Creatinine clearance in female SDT-fa/fa rats did not show a significant difference from that in female SDT-+/+ rats (Fig. 3D ).
Computed Tomography (CT) analysis
In female SDT-fa/fa rats, fat accumulation was remarkable throughout the observation period. At 8 weeks of age, total fat weight, which is the sum of visceral fat weight and subcutaneous fat weight, was about 7.5 times higher in female SDT-fa/fa rats than in female SDT-+/+ rats (mean value: SDT-fa/fa rat, 72.1 g; SDT-+/+ rat, 9.6 g). The visceral fat weight and the subcutaneous fat weight of SDT-fa/fa rats was obviously increased, compared to those of SDT-+/+ rats ( Table 1, Fig. 4 ). Furthermore, increases in fat weights were also observed at 24 or 40 weeks of age. Visceral to subcutaneous fat (V/S) ratios in female SDT-fa/fa rats elevated with aging (mean value: 8 weeks, 0.88; 16 weeks, 1.25; 24 weeks, 1.47), whereas the V/S ratios in SDT-+/+ rats and SD rats decreased with aging.
Histopathological analyses
In pancreatic islets of SDT-fa/fa rats, pathological findings such as vacuolation, hypertrophy, and hemorrhage were observed from 8 weeks of age, and findings such as atrophy and fibrosis in the islets were observed from 24 weeks of age (Table 2) . Also, in pancreatic islets of SDT-+/+ rats, pathological changes such as fibrosis, hemorrhage, hemosiderin deposit, and mononuclear cell infiltration were seen from 16 weeks of age.
In pancreata of age-matched SD rats, no changes were observed until 40 weeks of age. Histopathological findings of kidneys from SDT-fa/fa rats revealed changes in the glomeruli from 32 weeks of age and in the renal tubules from 16 weeks of age, and the changes progressed with aging (Table 3 ). In kidneys of age-matched SDT-+/+ and SD rats, no changes were observed up to 40 weeks of age.
In SDT-fa/fa rats, histopathological findings in the lens, including hyperplasia of epithelium, vacuolation of fiber, and morgagnian globules, were observed from 16 weeks of age, and these changes progressed with aging (Table 4 ). In the SDT-+/+ and SD rats, ocular lesions in the lens were not observed until 40 weeks of age.
Pair feeding study
A pair-feeding study was conducted to investigate the effects of food restriction on pathophysiology in SDT-fa/fa rats. SDT-fa/fa rats were subjected to pairfeeding with SDT-+/+ rats from 7 to 13 weeks of age. Body weights in the Fatty Group were already elevated over those of the SDT-+/+ rats at 7 weeks of age, the starting point of this experiment. Body weights in the Fatty Group showed a significant increase from 7 to 12 weeks of age, compared to those in the SDT group. On the other hand, over the same period body weights in the Fatty-PF Group increased less rapidly than in the Fatty Group (Fig. 5A) . Non-fasting serum glucose levels in the Fatty Group, which were already elevated, to with those in the SDT group at 7 weeks, were rose to almost 700 mg/dl at 13 weeks. Non-fasting serum glucose levels in the Fatty-PF Group were suppressed to a level similar to that seen in the SDT Group (Fig. 5C ). Hyperinsulinemia was shown at 7 weeks of age in the Fatty Group in the non-fasting state, and insulin levels gradually decreased after 7 weeks of age. Hyperinsulinemia in the Fatty-PF Group showed a similar pattern of change to that in the Fatty Group (Fig. 5D ). Hypertriglyceridemia in the Fatty Group was sustained throughout the experimental period in the non-fasting state. Serum TG levels in the Fatty-PF Group tended to be lower at 13 weeks of age than those in the Fatty Group (Fig. 5E ). Serum cholesterol levels in the Fatty Group were already over those in the SDT Group, at the starting point of this experiment in the non-fasting state, and the high levels were sustained throughout the experimental period. Also, serum cholesterol levels in the Fatty-PF Group were increasingly higher than those in the SDT Group, during the observation period, and the levels were not deceased by preventing hyperphagia (Fig. 5F ).
Discussion
The original SDT rat, a model of non-obese type 2 diabetes, was established in 1997 by Shinohara et al. [26] . The rat is characterized by long survival despite persistent hyperglycemia when not treated with insulin. The male SDT-fa/fa rat shows diabetes mellitus and diabetic complications at a younger age than the male SDT-+/+ rat [16, 17] , and therefore the male SDT-fa/fa rat is considered to be a useful model for the analysis of diabetes and its complications.
In the present study, female SDT-fa/fa rats showed diabetes mellitus at 6 weeks of age, an age similar to that seen in the male SDT-fa/fa rat [17] . Moreover, diabetic complications such as renal lesion and cataract were observed from 16 weeks, and the starting ages which are similar to those seen in the male rat. In humans, overweight or obesity causes diabetes at comparable rates in both men and women [10, 31] , but, there are currently few female type 2 diabetes model animals which demonstrate the progression of diabetes comparable to that seen in male rats. In female SDT-fa/fa rat, insulin levels decreased along with an increase in glucose levels. The decrease in insulin levels is comparable to the progressive hypoinsulinemia of advanced human diabetes. Because of the demonstrated inducibility of diabetes in the female SDT-fa/fa rat, the female SDT-fa/fa rat could be important as an animal model of diabetes in women.
It is known that sexual differences exist in the progression of some diabetes model animals. The female ZDF rat and Wistar fatty rat on a standard diet exhibit normal glucose levels, although they develop obesity and hyperinsulinemia like male rats [4, 12] . However the mechanisms underlying those sex differences remain unknown. Moreover, in the female OLETF rat, spaying promotes the diabetes [24] . The reason for the promotion is considered to be the deletion of a protective effect conferred by female sex hormones. The molecular basis of this sex difference is unknown, although estrogen has been shown to increase insulin production [1, 5, 30] , and to act synergistically with insulin to increase glucose uptake by cells [13] .
Interestingly, in the present study, the female SDT-fa/ fa rat showed diabetes mellitus at a young age, similar to that seen in the male rat. The early incidence of diabetes mellitus in this female rat might be related to weakness of the pancreas [15] . In histopathological analysis of pancreata from female SDT-fa/fa rats, degeneration of pancreatic islets, and hemorrhage were observed from 8 weeks of age. Hemorrhage, which can be induced by inflammation, might lead to pancreatic b cell dysfunction. Further studies are needed to examine the relations between hemorrhage and inflammation in the female SDT-fa/fa rat. It is also possible that overload of a weak pancreas by hyperphagia might induce destruction of pancreatic islets in female SDT-fa/fa rats.
The accelerated progression of diabetes, which was observed in this study, was different from the course seen in a previous study [12] . In the present study, glucose levels were four times higher than those seen in the previous study at 12 weeks age. The causes of this difference remain unknown. It is likely that the difference of cage, feed or breeding condition contributed to the accelerated progression of diabetes in the present study.
In the female SDT-fa/fa rat, visceral fat and the subcutaneous fat obviously increased from 8 weeks of age (Table 1) . Some studies have reported that excess visceral fat is more strongly associated with insulin resistance than other adipose tissue compartments [7, 14] . Others have reported that excess abdominal subcutaneous fat is more strongly associated with insulin resistance than visceral fat [3, 8] . Rapid accumulation of fat induces insulin resistance and affects pathophysiology, e.g., glycolipids abnormalities. We consider that the overt obesity with fat accumulation is related to early incidence of diabetes in the female SDT-fa/fa rat. Indeed both serum insulin levels and the insulin/glucose ratio, an indicator of insulin resistance, were higher in female SDT-fa/fa rats than in the female SDT rats at 14 weeks of age in a previous study [12] . Further studies are needed to examine insulin resistance related to fat accumulation in the female SDT-fa/fa rat. It will be also necessary to further investigate the function and morphology of the adipose tissues in the female SDT-fa/fa rat in the future.
Renal parameters were increased in the SDT-fa/fa rat compared to those in the SDT-+/+ rat. Histopathological analysis of the kidney revealed changes in the renal tubules and glomeruli in the SDT-fa/fa rat. Changes of hyperplasia of epithelium, vacuolation of fiber, and morgagnian globules were also observed in the lenses of SDT-fa/fa rats, whereas those changes were not observed in age-matched SDT-+/+ rats. Some have reported that these diabetic complications are induced by hyperglycemia, and can be improved by the control of blood glucose [21, 22] . In the male SDT-fa/fa rat, improvement of renal lesions and cataracts was observed under chronic glycemic control conditions [16] . We consider that the diabetic complications seen in the SDT-fa/fa rat in the present study were caused by hyperglycemia, which was observed from 6 weeks of age.
Restriction of caloric intake by pair-feeding with SDT-+/+ rats improved hyperglycemia and decreased TG levels from 7 to 13 weeks of age in the SDT-fa/fa rat.
However, improvement of hyperglycemia in the Fatty PF Group might not be able to inhibit the elevation of glucose levels after 13 weeks of age. In pair-fed male SDT-fa/fa rats, an increase in glucose levels was observed after 20 weeks of age [16] . It was reported that the restriction of caloric intake alone cannot suppress the incidence of diabetes in the male SDT-fa/fa rat, which might have a weakness in pancreatic function [16] . Irrespective of the underlying causes, it was demonstrated in the present study that hyperphagia in the SDT-fa/fa rat causes hyperglycemia and hypertriglycemia.
In conclusion, the female SDT-fa/fa rat has the potential to become an important animal model of type 2 diabetes mellitus with obesity, especially for studies in women, for which few such models currently exist.
